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The NADH:ubiquinone oxidoreductase, respiratory complex I,
from E. coli consists of 13 different subunits and 10 cofactors. In
E. coli the genes are named nuoA-nuoN and the corresponding
subunits NuoA-NuoN. Little is known about the assembly of this
complicated machinery. To detect and characterize possible assembly
intermediates, knockouts for all nuo-genes were individually created.
Only in the ΔnuoL-strain a membrane-bound assembly intermediate
was detected [1]. Overexpression of all nuo-genes except nuoL led to
the formation of two populations of this variant. An active population
contained all cofactors and subunits except NuoL. A second, inactive
population was lacking the distal iron–sulfur cluster N2. Furthermore,
this population was tightly associated with an additional cyto-
plasmatic protein, the inducible lysine decarboxylase (LdcI) [2]. In
vivo LdcI forms a complex with a member of the AAA+-ATPase, which
is discussed to be involved in protein folding and metal cofactor
insertion [3]. Therefore we propose that LdcI might be involved in the
assembly of E. coli complex I. To address this question, complex I and
the ΔNuoL variant were overproduced in a strain lacking the ldcI-
gene, without a detectable effect on the growth of the mutants.
However the loss of LdcI seems to inﬂuence the assembly of E. coli
complex I produced under physiological conditions.
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The mitochondrial oxidative phosphorylation (OXPHOS) system
consists of ﬁve multi-protein complexes (Complex I to Complex V)
and is an important pathway for ATP production in most human cells.
Complex I (CI) and Complex III (CIII) are two key players in the
respiratory chain. CI is the main entry point for electrons in the form
of NADH, and CIII is the enzyme at which all electron entry points
converge for the ultimate goal of ATP production. This is achieved by
the build-up of a proton gradient across the mitochondrial inner
membrane, which can be used to drive the proton pump of ATP
synthase.
To better understand the cell biological consequences of mito-
chondrial disorders, we here chemically inhibited either CI (Rote-
none, ROT) or CIII (Antimycin A, AA) in HEK293 cells. As a
consequence, cellular oxygen consumption is fully impaired in both
conditions. ATP concentration as measured by the biosensor ATeam
in the mitochondrion was similarly reduced in CI- and CIII inhibited
cells whereas cytosolic free ATP levels are not detectably affected.
However, the energy-sensing enzyme 5'AMP-activated protein kinase
(AMPK) was upregulated in both conditions. Strikingly, the mito-
chondrial membrane was hyperpolarized only in CI inhibited cells,
whereas CIII inhibited cells displayed a decrease in membrane
potential. It appears that not only the respiratory chain, but also
reverse mode action of Complex V and the adenine nucleotide
translocase (ANT) are involved in maintaining mitochondrial mem-
brane potential in glycolytic cells.
Finally, calcium homeostasis is affected in CI inhibited cells, but not
in CIII inhibited cells. These data suggest a respiration-independent role
for CI.
doi:10.1016/j.bbabio.2012.06.156
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The NADH:ubiquinone oxidoreductase (complex I) is the ﬁrst
enzyme in the respiratory chain. It couples the two electron reduction
of a quinone molecule by NADH to proton translocation by an
unknown mechanism. The archetypical prokaryotic enzyme has 14
subunits, seven of which make up the membrane domain; a further
seven constitute the hydrophilic peripheral arm. The eukaryotic
enzyme consists of this conserved core plus a variable number of
supernumerary subunits, thus making the bacterial enzyme an
appropriate model. Recently atomic resolution structures were solved
for the membrane domain from Escherichia coli (222 kDa) and the
whole complex from Thermus thermophilus (550 kDa). These struc-
tures have conﬁrmed the presence of three antiporter-like subunits
(Nqo12/13/14) and revealed an unexpected long amphipathic helix
both of which have been implicated in a possible conformational
coupling mechanism. It is generally accepted that the coupling ion
pumped by complex I is the proton, however in the case of some
bacterial enzymes sodium has been proposed. There is also some
evidence that complex I may be capable of sodium antiport. We
have reconstituted T. thermophilus complex I into well coupled
proteoliposomes and have used these as a system in which to
investigate proton pumping and sodium antiport. Using the pH
sensitive ﬂuorescent dye ACMA we have been able to conﬁrm proton
pumping by T. thermophilus complex I. In addition we have shown
qualitatively that the presence of a sodium gradient does not enhance
proton pumping by complex I. This suggests that T. thermophilus
complex I is not capable of sodium-proton antiport. These ﬁndings
will be useful in reconciling structural data with enzyme function.
doi:10.1016/j.bbabio.2012.06.157
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The respiratory complex I couples the transfer of electrons from
NADH to (ubi)quinone with the translocation of protons across the
membrane. Electron microscopy and X-ray crystallography revealed
the two-part structure of the complex consisting of a peripheral arm
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extending into the aqueous phase and a membrane arm embedded in
the lipid bilayer. The redox cofactors, namely one FMN and up to 10
Fe/S clusters, are located in the peripheral arm. The (ubi)quinone-
binding site is most likely located at the interface between the
peripheral arm and the membrane arm. The presence of two
semiquinone species was demonstrated by EPR spectroscopy using
bovine heart mitochondria. The fast relaxing SQNf is sensitive to
uncouplers and most likely involved in proton translocation. The
formation of the slow relaxing SQNs is independent of the presence of
a protonmotive force. So far, these radicals have only been detected in
mitochondria. To determine whether they are also reaction in-
termediates in the bacterial complex, we used the isolated complex
I from Escherichia coli. Radicals with features similar to those reported
for the mitochondrial enzyme were detected following reconstitution
of the preparation in liposomes reinforcing the importance of the
protonmotive force. Our data indicate that quinone radicals are
obligatory reaction intermediates in the respiratory complex I.
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The Mrp antiporter subunits MrpA and MrpD are homologous to
the complex I subunits NuoL, NuoM and NuoN, but within this protein
family MrpA is more similar to NuoL whereas MrpD has greater
homology to NuoM and NuoN throughout the polypeptide sequence.
We have been using Bacillus subtilis strains deleted for MrpA and
MrpD to assess the function of the complex I subunits. The deletion
strains exhibit a Na+ and pH sensitive growth phenotype, but
expression of NuoL could rescue the ΔMrpA strain whereas the
growth of the ΔMrpD strain was restored by expression of NuoN [1].
These data were best explained by assuming that each protein was a
transporter speciﬁc for a single ion, either Na+ or H+. The MrpA and
MrpD proteins would thus together form an antiporter. Other
experiments have suggested that the NuoL subunit was capable of
Na+ transport [2]. We therefore proposed that complex I contain one
Na+ transporter, NuoL and two H+ channels, NuoM and NuoN.
Intracellular Na+ concentration and transport can be measured in
Escherichia coli [3] and other Gram-negative bacteria [4] using 23Na
Nuclear Magnetic Resonance (NMR). In this work the ion speciﬁcity
of the MrpA/NuoL-type transporter and the MrpD/NuoN transporter
was directly assessed in the deletion strains, by adapting the 23Na
NMRmethod for the Gram-positive B. subtilis. Indeed, in the B. subtilis
ΔMrpA strain only the cells expressing MrpA or NuoL were able to
maintain a lower internal than external Na+ concentration, whereas
the deletion strain itself or cells expressing NuoN failed to do so. This
demonstrates that the Na+ balance that is obscured in the B. subtilis
ΔMrpA strain, accounting for the growth impairment seen at Na+
concentrations above 80 mM at neutral pH. It also corroborates the
Na+ translocation ability of the MrpA and NuoL polypeptides, that
was not seen with putative H+ channel NuoN.
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Complex I (NADH:quinone oxidoreductase) is an intricate molec-
ular machine composed of proteins homologous to other smaller
enzymes, electron carriers and transporters. By understanding the
recruitment process of each of the smaller functional units, their
individual functions and at what stage in the complex I building the
different functions were acquired, the current functional mechanism
can be better understood. In this work it is hypothesized that the
recruitment of the so-called antiporter module was a decisive event
in the complex I evolution [1]. It is proposed that only one ion
transporter protein, NuoN, is used for pumping protons in present
day complex I, whereas the other two ion transporter proteins (NuoL
and NuoM) form a unit that is used to modulate the output from the
proton pumping engine. The last common ancestor of complex I
enzymes lacked the NuoEFG domain and was not dedicated to
oxidizing NADH. The NuoBCDIHN unit started out as a membrane-
bound hydrogenase, utilizing the NuoN channel to obtain protons for
H2 production. This unit, when run in reverse, forms the kernel of the
proton pumping engine. When the modulator unit was recruited to
primordial complex I, this allowed the proton pumping engine to
adapt the H+/e- stoichiometric output depending on the amount of
energy available in different redox couple substrates, not just H2/
quinone. This critical step made the emerging complex I a vastly more
useful and versatile enzyme, ensuring its evolutionary success. Such
stoichiometry adaptation has in fact been seen in complex I when
using menaquinone versus ubiquinone [2]. Today, many complex I
enzymes are dedicated to only one redox couple. In those, the
modulator unit can instead be used to regulate the type of ion
gradient maintained over the membrane.
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